Abstract Dual-spray extractive electrospray ionization (EESI) mass spectrometry as a versatile analytical technique has attracted much interest due to its advantages over conventional electrospray ionization (ESI). The crucial difference between EESI and ESI is that in the EESI process, the analytes are introduced in nebulized form via a neutral spray and ionized by collisions with the charged droplets from an ESI source formed by spraying pure solvent. However, the mechanism of the droplet-droplet interactions in the EESI process is still not well understood. For example, it is unclear which type of droplet-droplet interaction is dominant: bounce, coalescence, disruption, or fragmentation? In this work, droplet-droplet interaction was investigated in detail based on a theoretical model. Phase Doppler anemometry (PDA) was employed to investigate the droplet behavior in the EESI plume and provide the experimental data (droplet size and velocity) necessary for theoretical analysis. Furthermore, numerical simulations were performed to clarify the influence of the sheath gas flow on the EESI process. No coalescence between the droplets in the ESI spray and the droplets in the sample spray was observed using various geometries and sample flow rates. Theoretical analysis, together with the PDA results, suggests that droplet fragmentation may be the dominant type of droplet-droplet interaction in the EESI. The interaction time between the ESI droplet and the sample droplet was estimated to be <5 μs. This work gives a clear picture of droplet-droplet interactions in the dual-spray EESI process and detailed information for the optimization of this method for future applications that require higher sensitivity.
Introduction
Extractive electrospray ionization mass spectrometry (EESI-MS) in the dual-spray configuration, a technique derived from electrospray ionization (ESI) and first introduced by Cooks and coworkers in 2006 [1] , has evolved into a powerful and versatile analytical method. Due to its advantages over ESI, it is widely applied in many fields requiring high-throughput analysis, such as online detection of chemical reaction products and intermediates [2] , detection of native biomolecules [3] , environmental monitoring in the field [4] , and in vivo metabolomics [5] . This dual-spray configuration is also applied in other ambient ionization methods such as liquid sampling desorption ionization [6] . In the traditional ESI process, dissolved analytes are delivered through a capillary. With the help of a high electric field, and sometimes assisted with a sheath gas, a plume of charged droplets is formed. Gaseous ions are produced after several desolvation steps. The last step, the release of an unsolvated ion, can be described either by the ion evaporation model [7] or by the charged residue model [8] . ESI has a relatively low tolerance to the presence of buffers, salts, and complex matrices, which can lead to serious ion suppression effects. On the contrary, in the EESI process, the liquid sample is atomized using a sheath gas in the absence of an electric field and forms neutral droplets. These droplets are dispersed into a conventional ESI plume formed from pure solvent and collide with the charged ESI droplets in a Y-shaped intersection, where the analytes interact with the charged ESI droplets. Finally, in the merged plume, the analyte molecules mixing with the charged solvent in the droplets become gaseous ions in a subsequent ESI-like process. Because the analyte is dispersed over a large volume, EESI does not require any sample pretreatment. Another advantage is that the solvents in the charged ESI spray can be tuned to selectively extract the analytes, which are needed for the MS analysis, in complex matrices [9] . These advantages render EESI an ideal secondary ionization method for the analysis of gaseous volatile, semi-volatile, and even nonvolatile substances in various complex matrices such as exhaled breath [10, 11] , milk [12, 13] , and with viscous liquids [14] [15] [16] .
Despite the wide scope of applications, there are still a lot of questions regarding the charging of analyte molecules. For instance, how exactly do the droplets from the ESI spray and sample spray interact with each other in the Y-shaped intersection? Does a total coalescence occur between the droplets? Should this not be the case, there are three other types of droplet-droplet collision in addition to total coalescence: bounce, disruption, and fragmentation (as illustrated in the inset of Fig. 1 ) [17, 18] . What is the dominant type of interaction between the droplets from the ESI spray and the sample spray? Furthermore, what is the mechanism for the corresponding charging process of analytes? A clear answer to these questions would definitely lead to a deeper understanding of the EESI process, which is important for optimizing the performance of the EESI method in terms of sensitivity, universality, and reproducibility. In our previous work using laser-induced fluorescence, it has been demonstrated that for nonvolatile compounds, the charged ESI droplets and the neutral sample droplets do collide in liquid form before the final desolvation and gas phase ion formation take place [9] . In addition, we found a strong dependence of ion signals on the analyte solubility in both the ESI and sample spray solvents, implying that a selective extraction occurs between the charged ESI droplets and the neutral sample droplets. This excludes total coalescence as the dominant type of droplet-droplet interaction between the ESI droplets and the neutral sample droplets with different solvents in the two sprays.
However, whether coalescence happens when the solvents in the ESI spray and sample spray are identical and the reasons for the presence or absence of total coalescence of the droplets in the EESI process are still unclear. To further optimize the performance of EESI, a detailed investigation was conducted based on a theoretical model to distinguish the type of droplet-droplet interaction in the EESI process. Concrete information about the droplet size and velocity is essential for theoretical analysis. However, mass spectrometric measurements cannot provide such information about the droplets in the EESI process [9] . As a complement to MS, we thus used phase Doppler anemometry (PDA) in this work. PDA is a powerful tool to directly measure the droplet size, velocity, and number density in dynamic processes such as electrospray [19] [20] [21] or desorption electrospray ionization [22] . The size, velocity, and density of droplets in the intersection where two sprays meet (referred to as the origin in the following) and 2 mm downstream from the cross-section were measured. Furthermore, the behavior of droplets in singlespray mode (defined in the "Experimental and methods") was also studied for comparison with results from EESI in order to understand how the droplet behavior changes when they collide with droplets from the second spray. In addition, the effect of experimental parameters such as the precise geometry and sample flow rate on droplet behavior Fig. 1 Schematic diagram of the PDA measurements and the EESI setup. The inset shows four possible processes following droplet-droplet collision was investigated. In order to clarify the phenomena observed in the PDA measurements and to provide practical guidelines for optimizing EESI performance, numerical simulations of the gas flow dynamics in the intersection were conducted.
Experimental and methods

PDA measurements
The measurement scheme is shown in Fig. 1 . The EESI setup consisted of two identical commercial electrospray sources (M955015DC6, Waters, Manchester, UK) which were constructed from two coaxial stainless capillaries for delivering the liquid and the sheath gas, respectively. The inner and outer diameters of these two capillaries are the same for both sources: 130/230 μm and 400/700 μm, respectively. In the PDA measurements, one of the sources was used to spray the neutral sample, with a sheath gas pressure of 2 bar (compressed air); the other one was used as the ESI source, with a sheath gas (2 bar) and a voltage of +4 kV applied by a high-voltage supply (HCN140-12500, FuG, Rosenheim, Germany). The voltage was fixed for all the experiments. The solutions were delivered by two 500-μl syringes (Hamilton, Bonaduz, Switzerland) and a syringe pump (Harvard 22 syringe pump; Harvard Apparatus GmbH, March-Hugstetten, Germany) which provided a flow rate of 1-20 μl/min. The distance between the tips of the capillaries and the counter electrode was 10 cm. The measurements were performed with various geometries, with angles (α) of 30°, 80°, and 180°and distances between the tips of the two capillaries (d) of 3, 4, and 5 mm, respectively.
A commercial phase Doppler anemometer (TSI Inc., St. Paul, MN, USA) was used to measure droplet velocity, droplet size, and droplet density in the EESI spray and single-spray modes (i.e., one spray was turned off and the other spray was kept on); the sheath gas was always on for both sprays. Two laser lines (488 and 514.5 nm) from a water-cooled 5-W argon ion laser (LA-70-5, Innova 70, Coherent, Santa Clara, CA, USA) were used in the PDA setup. The laser beams illuminated the EESI spray, as shown in Fig. 1 , and the scattered light from the droplets in the spray was collected by a fiber-optic-based receiver, which was 45°off the axis of the incident beams, as depicted in Fig. 1 . The ESI spray came from the negative X direction, while the sample spray came from the positive X direction; both flowed along the Z-axis after merging at the origin. The whole system was mounted on a threedimensional translation stage (9450-XYZ500, Isel Germany AG, Dermbach, Germany) controlled by a stepping motor (C142-4.1, Isel Germany AG) to allow moving the measurement point and making automated profile measurements. The PDA measurement volume formed by the two intersecting laser beams had a half-axis of approximately 2.5 mm in length and 0.22 mm in width and height [23] . The measurements were done at 49 positions (7×7 grid) in the XY plane by moving the measurement point automatically. The measurement area was defined according to the size of the spray plume. The detection ranges of droplet size, velocity, and density were 1-100 μm, ≈0-640 m/s, and ≥20/cc, respectively [24] . Droplets with a size of 4 μm only take 10 μs to be accelerated to follow the gas flow [25] , a time short enough to consider the velocities of these droplets to be the same as the velocity of the sheath gas [26] . Thus, in this work, the gas velocity was derived from the velocities of droplets smaller than 4 μm from the raw PDA data.
Sample preparation
In the EESI spray measurements, a water/ethanol mixture (1:1 volume ratio) was used in both sprays. Ethanol was bought from Merck (HPLC grade, Darmstadt, Germany); purified water (resistivity~18 MΩ cm) was obtained by using a water purification system (NANOpure, Barnstead, IA, USA).
Numerical simulations
Full three-dimensional numerical simulations were performed to calculate the pattern of the two sheath gas flows from the ESI and sample sprays using a computational fluid dynamics software package (ANSYS CFX 12.1, ANSYS, Berlin, Germany). The shear stress transport turbulence model was implemented in the simulations; when compared with the results of a pure laminar flow model at 2-bar backing pressure, no differences were found. The geometry of the numerical model was the same as that used in the PDA experiments, with an 80°angle between the two sheath gas flows and a distance of 3 mm between the tips of the two spray capillaries. The dimensions of the inner and outer capillaries were identical to those in the experiments. The inlets of the two capillaries were in the same plane, and the inner capillary protruded 1 mm from the outlet of the outer capillary. The gas pressure at the inlets of the two capillaries was 2 bar, while the outlet pressure was set to open to the ambient pressure (i.e., 1 bar). The mesh size was set as fine as 3 μm around the emitter to simulate the pattern precisely.
Results and discussion
Comparison of droplet sizes in EESI and in single-spray mode With both the ESI and sample sprays on, the size, velocity, and density of droplets were measured simultaneously in the EESI spray plume under various experimental conditions using PDA. The normalized volume density vs. droplet size under various geometries is shown in Fig. 2 . The Sauter mean diameter (SMD, the total droplet volume divided by the total droplet surface area) is usually used to characterize the droplets in the spray. The volume density rather than the number density was used to avoid bias from the large number of small droplets. The volume density was normalized to the sum of all droplet volumes in the measurement area in order to avoid an influence of a varying volume density in different measurements. In the case of α=80°, the SMD of the EESI spray was measured to be 7.85 μm and the average SMD was calculated to be 8.82 μm by averaging the results of the ESI spray and the sample spray in the single-spray mode, i.e., quite similar. If permanent total coalescence happens between the droplets from the two sprays, the droplet size distribution of the EESI spray should shift to a significantly larger value and the density of small droplets should decrease compared with the averaged data from the ESI spray and the sample spray in the single-spray mode. However, no obvious shift of the distributions was observed, i.e., there was no significant change of the droplet size or dramatic decrease of the droplet density after two sprays met, implying that no permanent coalescence takes place at the origin of the EESI plume (z=0) even when the solvents in the two sprays are identical. This is fully in line with the results from our previous work [9] where different solvents were used for the two sprays. The droplet behavior 2 mm axially downstream from the origin was also measured, as shown in Fig. 2b . The droplet sizes for both sprays have decreased further compared with the ones at the origin due to the solvent evaporation; the decrease is stronger for the droplets in the sample spray. At 2 mm, the SMD of the EESI spray (6.65 μm) was similar to the average (6.00 μm), and the droplet size distributions of the EESI spray and the combination of the two single sprays were analogous, suggesting again that there is no total coalescence of droplets 2 mm downstream.
Similar results were obtained when other EESI geometries were applied. In Fig. 2c , the droplet size distribution for α=30°was comparable to the results for α=80°. Only in an extreme case (α=180°, i.e., both sprays facing each other) did the droplet size in the ESI spray increase dramatically compared with other geometries, which may be caused by the particularly intense interactions between the droplets from two sprays in this case. The SMD of the EESI spray was 12.54 μm, while the average SMD was 14.07 μm. The droplet size distribution of the EESI spray assumed a slightly smaller value compared with the averaged results for the ESI spray and the sample spray in the single-spray mode. This reduction of the droplet size is probably a result of the breakup of droplets due to the large momentum produced by the collision between the droplets from the two sprays in this geometry. All results with different geometries suggest that there was no coalescence of the droplets when the ESI spray met with the sample spray at the origin. Furthermore, the droplet behavior with various sample flow rates for α=80°was studied at the origin. The SMD of the EESI spray was similar to the average value at different sample flow rates, again suggesting the absence of coalescence. Both the sheath gas and the electric field influence the size of ESI droplets. On the contrary, only the sheath gas affects the size of the sample 
The average is calculated and normalized from the results of the ESI and sample sprays in the single-spray mode droplets. As a result, ESI droplets are normally smaller than the droplets from the neutral sample spray, as observed at low sample flow rates (≤5 μl/min). With a higher flow rate of 20 μl/min, the size of the sample droplets shows no distinct change, while the size of the ESI droplets increases. Because the initial droplet size rises and the electric field was not high enough to break the large droplets into small ones, this caused a shift of the droplet size distribution of the ESI spray toward a higher value.
Investigation of droplet behavior at the origin of the EESI plume
In order to obtain more information on the droplets in EESI for the theoretical analysis, the droplet behavior was investigated in detail at the origin of the EESI plume. Contour plots of gas velocity, droplet velocity, normalized droplet volume density, and droplet size in the XY plane at z=0 are depicted for α=80° (Fig. 3) . The gas velocity profile of the EESI spray in Fig. 3a exhibits a nearly circular shape, implying a good fusion of the two sheath gas flows from the ESI spray and the sample spray after encountering each other at the origin. However, the direction of the profile was 45°off the Y-axis to the left, which will be explained below. The highest gas velocity, 90 m/s, was at the center. The speed decreased gradually when going off-center, on account of the expanding gas flow. The gas velocity decreased to 60 m/s 2 mm downstream from the origin of the EESI plume (Fig. 4a) . When comparing the droplet velocity profiles (Fig. 3g-i ) and the gas velocity profiles (Fig. 3a-c) in both the EESI and the single-spray modes, it becomes clear that the fast droplets were mostly located in the area of high-speed gas flow in both the EESI and the single-spray mode. At the origin, most droplets in the ESI spray were distributed roughly in two areas surrounding the conjunct gas flows (Fig. 3e) , while the droplets in the sample spray were mostly distributed in one area beside the gas flows (Fig. 3f) . The droplet distribution in the EESI spray was close to the sum of the results of the two-spray mode (Fig. 3d) . In addition, the overlap area between the droplet distribution of the ESI spray and the distribution of the sample spray at the origin was fairly small. It is similar to the overlap area 2 mm from the origin (Fig. 4e, f) . The small overlap area results in little chance for the interactions between the droplets from the two sprays.
At the origin, the size of most droplets in the ESI spray was approximately 3-5 μm based on the contour figures of the droplet volume density distribution (Fig. 3e ) and the droplet size distribution (Fig. 3k) . This is consistent with the droplet size in the conventional ESI spray, which usually has a fairly narrow size distribution if submicronsized offspring droplets generated from Coulomb explosions are ignored [20] . The latter cannot be "seen" by PDA, Fig. 3 Contour plots of the gas velocity (a-c), droplet volume density (d-f), droplet velocity (g-i), and droplet size (j-l) for the EESI spray and the two single-spray modes measured by PDA with α=80°at the origin of the EESI plume which only can observe droplets larger than ≈1 μm. Compared with the volume density profile (Fig. 3f) and the droplet size distribution (Fig. 3i) of the sample spray, larger droplets were distributed at the place with higher droplet concentration, considered as the spray center. This is similar to the typical size distribution for a coaxial airassisted spray where the droplets are larger at the center along the radial direction of the spray [27] . The droplet size distribution in the EESI spray was approximately the average of the distributions of the two sprays in the single-spray mode. At 2 mm from the origin, the droplet size distributions in both the EESI and single-spray modes were similar to the distributions at the origin.
In order to better understand the effect of the gas flow on the EESI process, the pattern of two gas flows from the ESI spray and the sample spray was also investigated by numerical simulations. Droplets were not explicitly accounted for due to limitations in computing power. The velocity vector profiles of the gas flow pattern in the XY plane at the origin are shown in Fig. 5 . When two sprays were in a perfect head-on position, the two gas flows converged and expanded along the Y-axis, 90°off the spray direction (the X-axis; Fig. 5a ). However, when the centerlines of two sprays were misaligned, e.g., with a 0.2-mm displacement between the tips of two spray capillaries, the two gas flows still converged, but the conjunct gas flow was roughly 30°off the Y-axis, as indicated in Fig. 5b . If the displacement increased to 0.4 mm, the conjunct gas flow was roughly 45°off the Y-axis, which is consistent with the experimental observations in the gas velocity profile of the EESI spray: the direction of the gas flow profile in the EESI spray was roughly 45°off the Y-axis in the PDA measurements (Fig. 3a) . This suggests that there was indeed a displacement of~0.4 mm between the tips of two spray capillaries, which is reasonable in the experimental scenario. It is nearly impossible to set up two sprays in an ideal head-on position in practice. The maximum velocity of the gas flow was 100 m/s, which is close to the experimental result of 90 m/s. Furthermore, the shape of the gas flow pattern in the simulations is similar to the shape of the gas velocity profile of the EESI spray measured by PDA.
The simulated velocity profiles of the two gas flows in the XZ plane, for α=80°and a 0.4-mm displacement between the tips of two spray capillaries, are shown in Fig. 6a . The XY profiles of these two gas flows downstream of the origin are also depicted in Fig. 6b . The gas velocity reduced to 70 m/s at 2 mm, which is similar to the gas velocity of 60 m/s observed in the PDA measurements. The phenomena observed in the droplet volume density profiles Fig. 4 Contour plots of the gas velocity (a-c), droplet volume density (d-f), and droplet size (g-i) for the EESI spray and the two single-spray modes measured by PDA with α=80°and 2 mm from the origin of the EESI plume in single-spray mode at the origin (Fig. 3e, f) and 2 mm downstream (Fig. 4e, f) are then well represented by the simulations. At the origin, the two gas flows mix partially even when the two spray capillaries are not perfectly aligned; part of the gas expands in the opposite directions (yellowish lobes in Fig. 6b, top panel) . Small droplets, such as the ones produced by the ESI spray, can more easily follow both expansion directions downstream. At 2 mm, there is almost no overlap between the two gas flows. Droplets from the ESI spray seem to preferentially follow the ESI sheath gas rather than both sheath gas flows in two directions (Fig. 6b, bottom panel) , although there is still some density in the sample spray direction (Fig. 4e) . This effect is less pronounced for the sample spray droplets because of their larger size (Figs. 3f and 4f ).
Theoretical analysis of droplet-droplet collision in the EESI process
There are four types of droplet-droplet collisions. (1) Bounce: there is a thin intervening gas film between the surfaces of two droplets. If the collision kinetic energy (CKE) of the two droplets is not sufficient to penetrate this gas layer, then the droplets bounce off each other, meaning that there is no physical contact between two liquid droplets and they only flatten temporarily. (2) Total coalescence: when the CKE of two droplets is high enough so that the thickness of the gas film reaches a critical value, usually 10 nm [28] , two droplets will coalesce temporarily or permanently, depending on the CKE. If the CKE is not too high, the coalesced droplet will oscillate with an amplitude of a few nanometers and finally achieve a stable form. If the CKE is too high, there are two possibilities for droplet-droplet collision. (3) Disruption: two droplets temporarily coalesce/contact and afterwards separate into two droplets. (4) Fragmentation: after temporary coalescence/contact, the droplet undergoes catastrophic breakup into numerous satellite droplets [17] .
Based on the results of the PDA measurements, it is clear that there is no permanent coalescence at the origin of the EESI plume because the droplet size in the EESI spray did not increase compared with the size in the single-spray mode. However, it is hard to decide which of the other three types is predominant in the EESI process by only relying on the PDA measurements. Here, the type of droplet collision in the EESI process is evaluated theoretically. A diagram of a droplet-droplet collision is shown in Fig. 7 . One usually uses the impact parameter (b) and the Weber number (We) to determine the type of droplet collision instead of the CKE [17] . The impact parameter (b) is the distance from the center of one droplet to the relative velocity vector (U) placed on the center of the other droplet, as depicted in Fig. 6 . U is given by:
where V E and V S represent the velocities of the ESI droplet and the sample droplet, respectively. θ is the angle between We is the ratio of the kinetic energy (it is the CKE in the droplet-droplet collision) to the surface energy of droplets defined as:
D E is the diameter of an ESI droplet. The diameter of the smaller droplet is used to calculate We. D E is used here because in the EESI process, the ESI droplets are usually smaller than the neutral sample droplets. ρ and σ are the density and surface tension of the solvents in the colliding droplets, respectively (the solvents in two droplets are assumed to be the same in Eq. 2). Combining Eqs. 1 and 2, We can be calculated as follows:
For D E V E , and V S , we use the average diameter of the ESI droplets and the average velocities of the ESI and sample droplets from the whole measurement area covered by the PDA experiments. These values are 5.09 μm for D E , 39.67 m/s for V E , and 21.04 m/s for V S . For simplicity, the volume ratios of water to ethanol in the two droplets are assumed to be the same as the ones in the bulk solution, i.e., solvent evaporation and vapor condensation are ignored. The density and surface tension of a 1:1 water/ethanol mixture are 0.9260 g/cm 3 (20°C) [29] and 30.69 mNm −1 (20°C) [30] .
Considering a variation of θ from 0°to 180°, the value of We is 53.30 at θ=0°and 566.05 at θ=180°, i.e., We covers a range of more than an order of magnitude. An increase of We means an increase in the ratio of kinetic energy to surface energy according to the definition of We. When the value of We is lower than 10, bounce usually occurs in dropletdroplet collisions [31, 32] because the kinetic energy is insufficient to overcome the surface energy and to expel the intervening gas film. When the value of We is too high, e. g., 100, two droplets will coalesce temporarily and the excess kinetic energy can be transferred to rotational energy, which causes the coalesced droplet to separate, resulting in fragmentation or disruption. Gunn [32] concluded that the minimum kinetic energy to expel the intervening gas film is exceeded when the relative velocity of the droplets U is greater than a critical value, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 8s=rD S p . Here, D S is the diameter of the sample droplet, which is the larger droplet used to calculate the critical value of U. The average diameter of the sample droplets is used as D S (12.32 μm). In the EESI process, the critical value is estimated to be 4.64 m/s, much smaller than the actual value of U, which is in the range from 18.63 to 60.71 m/s depending on θ (0-180°). This clearly demonstrates that bounce is not the dominant process following droplet-droplet collision in EESI. Furthermore, different from disruption, fragmentation generates satellite droplets [17] . The PDA measurements showed the slightly smaller value of the SMD in the EESI spray compared with the average SMD at the origin. This suggests the production of Fig. 6 a Simulated velocity profile of the two gas flows in the XZ plane. b Gas velocity vector profiles of two gas flows in the XY plane downstream along the plume at the origin, 0.5 mm from the origin, and 2 mm from the origin, respectively. The geometry is α=80°. The color bars are scaled logarithmically satellite droplets at the origin, which are too small to be detected by PDA (<1 μm). Therefore, fragmentation may be the dominant process following droplet-droplet collision in an EESI plume, which is considered to be beneficial for EESI-MS measurements due to the production of small satellite droplets with better desolvation characteristics and higher charge densities.
Previous studies have indicated that for a larger diameter ratio of two droplets, there is a larger region of b for stable coalescence when the value of We is fixed [33, 34] . In the EESI process, the sizes of the droplets in the ESI spray and in the sample spray are not dramatically different, implying that the chance of total coalescence is low in EESI, consistent with the results obtained in the PDA measurements. In addition, when the impact parameter b is large, but still smaller than 1/2(D S +D E ), droplets may collide with temporary contact, followed by "catastrophic" breakup. In such a case, the fluid transfer direction between two droplets influences the material transfer during the collision. For colliding droplets with unequal size, the fluid from the smaller droplet is known to flow to the larger droplet as soon as contact has been made [17] . PDA measurements show that ESI droplets are usually smaller than sample droplets, implying that it is more likely for the fluid from the ESI droplet to flow toward the sample droplet. In this case, if the sample contains salts, buffers, or matrices at high concentrations, these compounds could not be efficiently separated from the analytes due to the fluid transfer direction. To optimize EESI in terms of matrix tolerance, it would be advantageous to have matrix from the sample droplets being diluted by flowing into the ESI droplets during a transient contact. Hence, the sample droplets should be slightly smaller than the size of the ESI droplets. This is hard to achieve purely with the help of a sheath gas. Additional methods are needed, such as adjustment of the capillary size to reduce the droplet size, or an ultrasonic transducer [12] or an aerosol generator [35] to deliver the sample via a plume of fine droplets (≤1 μm).
Besides the issue of fluid transfer between the ESI droplets and the sample droplets, other factors are also crucial for enhancing ion signals in EESI-MS measurements, including the lifetime of the temporary coalesced droplets and the collision probability between the ESI droplets and the sample droplets. The extraction of the analytes mostly happens during the period of temporary coalescence. In order to let more analytes be extracted to the charged solvents, the lifetime t of temporary coalesced droplets should be as long as possible. t can be estimated by the oscillation time of a natural droplet, as shown below [36, 37] :
where R 0 is the radius of the temporary coalesced droplet. R 0 can be estimated as 10 μm from the experimental data, and t is calculated to be 4.63 μs. It is possible to increase the value of t by optimizing the solvent components or increasing the droplet size of the ESI spray and the sample spray. Furthermore, PDA measurements show that the overlap of the droplet distributions between the ESI spray and the sample spray at the origin and downstream from the origin was fairly small due to the gas flow effect. This definitely reduces the collision probability between the ESI droplets and the sample droplets. Therefore, an auxiliary setup could help confine the two sprays to increase the overlap area of the two droplet distributions; for example, a third gas flow together with a sealed chamber can be used to confine the two gas flows by producing turbulence to disturb the original gas flow pattern intentionally.
Conclusions
In this work, the mechanism of EESI in the dual-spray configuration has been clarified based on the systematic PDA measurements, numeric simulations, and theoretical analysis. Measurements of droplet size, velocity, and density were conducted in the EESI spray at the origin and downstream from the origin using various experimental parameters. The droplet behavior in the single-spray mode was also investigated to compare with the results in the EESI spray. The results show that the droplet size Fig. 7 Schematic of droplet-droplet collision distribution of the EESI spray was very similar to the averaged results in single-spray mode. This suggests that there was no permanent coalescence at the origin as well as further downstream in the EESI plume, although the solvents in the two sprays were identical. Similar phenomena were observed with different geometries of the EESI source and various sample flow rates. The absence of coalescence probably has two reasons: (1) the overlap of the droplet distributions between the ESI spray and the sample spray was small, reducing the collision probability between the ESI droplets and sample droplets. (2) The kinetic energy of the droplet collisions in the EESI process was too high to produce stable coalesced droplets. Moreover, PDA measurements and numerical simulations indicate that the two sprays were offcenter in the experiments. The results of droplet size measurements suggest that fragmentation rather than disruption may be the dominant type of droplet-droplet interaction following collision. Theoretical analysis suggests that increasing the size of ESI droplets compared with the size of sample droplets would enhance the chance of fragmentation and reduce the matrix effect on the analytes. This systematic work provides a comprehensive view of the mechanism of EESI process and allows practical suggestions for the optimization of EESI.
